Adaptationto the simple visual displacement of prisms was compared to that for refractive lenses, which have a varied prismatic effect. Subjects were made myopic using contact lenses, then corrected using spectacle lenses. The effect on the perceived direction of a randomly located target was assessed from pointing behavior. Prism adaptation showed a negative directional aftereffect but lacked intermanuai transfer. Lens adaptation lacked a negative aftereffect but exhibited intermanual transfer. The results suggest that lens adaptation involves a recalibration of extraretinal eye movement information and multiple sets of lens adaptation can be retained for short periods. © 1997 Elsevier Science Ltd.
INTRODUCTION
Adaptation to the visual displacement produced by prisms has been extensively investigated (Kornheiser, 1976; Welch, 1978 Welch, , 1986 Howard, 1982) however, the more complex prismatic effects produced by spectacle refractive lenses have received relatively little attention. This appears to be a serious oversight given the large number of ametropes corrected by spectacle lenses and the potentially negative consequences of these spatial distortions. One reason for this apparent neglect may be the implicit assumption that the results for refractive lenses may be dedueed from experiments .using simple prisms. We have been unable to find a test of this assumption. Therefore, comparison of the nature of adaptation to these two types of prismatic effects was the major goal of this investigation.
Spectacle lens correction of ametropia potentially introduces both ocular magnification and prismatic effects. Spectacle magnification depends on the form, optical properties and position of the lens relative to the eye (Mandell, 1988) . The size of the retinal image in ametropia also depends on whether the ametropia is refractive or axial in origin. Knapp's Law states that if the refractive error is due to abnormal ocular length, spectacles cause no retinal image magnification relative to the emmetropic eye (Ogle, 1964a line of fixation of the eye does not coincide with the principal axis of the lens. The magnitude of the effective prism increases linearly away from the center of the lens according to Prentice's Rule (Fannin & Grosvenor, 1987; Atchison et al., 1980) . Contact lenses avoid prismatic effects on the line of fixation by virtue of the fact that they move with the eye (Benjamin, 1991) . Classically, our ability to judge the egocentric direction of objects is attributed to a linear combination of the target's retinal image position and extraretinal information about the orientation of the eye (Von Hoist, 1954) . However, eye orientation may not make a direct contribution to the perceived direction of targets under all circumstances. Matin et al. (1982) , suggested that discrepant extraretinal eye position information is suppressed in a structured visual field and localization is based upon spatial relationships derived entirely from the retinal image. Stark & Bridgeman (1983) have referred to this phenomenon as the visual capture of Matin. Nevertheless, in a visually impoverished situation-such as viewing a point of light in darkness--the perceived direction of a fixated object does appear to be based upon extraretinal information about eye direction. Fogt (1992) and Fogt & Jones (1996) appear to have been the first to systematically study prismatic distortion of perceived direction caused by spectacle refractive lenses. They found that if habitual contact lens wearers switched to spectacle lenses (without having the opportunity to adapt) they mislocalized objects, when tested with single fixation targets in a dark room, by amounts closely predicted by the prismatic effect of their spectacles. On the other hand, in a more structured environment consisting of a horizontal array of lights subjects did not exhibit (even transient) prismatic distortion of direction when switched to spectacle lenses. It was concluded that extra- The finding that spectacle lenses distort perceived direction when subjects must rely on extraretinal information raises some important questions. Can newly corrected ametropic subjects adapt to the distortion of their spectacle lenses under such conditions? Also, how does the process of adaptation to lens prismatic effect compare to that for prism? We addressed these issues by comparing prism and refractive lens adaptation under similar experimental conditions.
M E T H O D S
A cross-modality method (pointing with an arm) was used to quantify perceived direction. All experiments were conducted monocularly using single isolated fixation targets in an otherwise dark field. Pointing behavior was investigated using both prisms and minuspower spectacle lenses. Feedback about pointing accuracy was not provided to the subjects during testing trials but information about the terminal position of the arm was given during training sessions to promote adaptation.
The apparatus used in this experiment consisted of a box (84 cm x 55.5 cm x 57 cm) illustrated in Fig. 1 . The subject was seated with head immobilized by chinrest and forehead-strap (not illustrated) and viewed a computer display monitor (NEC JC 1532VMA2, NEC, Japan) at a distance of 50 cm. Single green fixation targets (0.8 mm × 0.8 mm) were computer generated in the upper half of the display field. A horizontal red-tinted glass divided the box into top and bottom portions. This glass acted as a partial mirror to reflect an image of the target to the lower half of the screen. Subjects indicated the perceived location of the reflected fixation target by touching its apparent location on the monitor with their forefinger. They were unable to see their arm through the red mirror because the illumination from the green J . FIGURE 1. Diagram of the apparatus. The reflected image of a green target presented in the upper half of the display is imaged below the red horizontal mirror. Subjects indicated the apparent image location on the touch-sensitive display with the forefinger of their unseen arm.
fixation target was selectively filtered. The monitor was equipped with a touch-sensitive screen (Model 14-05, Micro Touch Systems, Inc., Methuen, MA), which detected the position of the subject's forefinger at the instant the finger was removed from the screen. Sensing the release of the finger allowed the subjects to refine their finger position and reduced the number of accidental trigger events. The apparatus could be used with either arm. The same apparatus was used both to test and train the subjects. When training, the subjects received "terminal" feedback about the position of their forefinger relative to the target. This was provided in the following manner: when the subject signaled the location of the fixation target a red marker (0.8 mm × 0.8 mm) was drawn by computer 1 cm directly above the touch location. (The vertical displacement was required so that the marker was not hidden by the forefinger.) This red marker and the fixation target were visible to the subject for 2 sec giving a precise indication of pointing accuracy.
The resolution of the touchscreen and display was 640 horizontal pixels by 480 vertical pixels with a screen width of 26 cm. The fixation targets were presented in the upper half of the monitor screen in one of 215 possible horizontal locations. The prismatic effect induced by the spectacle lens is minimal near the straight-ahead, therefore 50 pixels were not used in the center of the monitor. Furthermore, 80 pixel locations on both sides of the screen were not utilized to prevent subjects from touching the edges of the screen and thereby receiving tactile cues. The computer randomly selected the target position on each presentation. The large number of potential target locations were used to discourage subjects from memorizing target positions (Kornheiser, 1976) .
Procedure: prism experiment
All tests were done using the subjects' right eye while their left eye was patched. The right eye was aligned to be perpendicular to the center of the monitor by means of a pinhole alignment device and a central target. After alignment, the chin rest and head rest were locked and a Velcro i~ band was used to secure the subjects' head. The computer displayed 20 different randomly selected targets (out of the 215 potential positions) and the subjects were required to touch the screen at each target presentation. A 2 sec blank period occurred between presentations.
For the initial condition (Pretest) the right and left arms were tested without prisms in order to establish a baseline. Then each arm was evaluated separately while the right eye viewed through a 7 Prism Diopter base-left prism mounted on the apparatus 65 mm in front the subject's right eye (Pretest with prism).
Training trials to promote adaptation were conducted only with the dominant arm. The dominant arm was defined as that used habitually by the subject for writing. Training was terminated after 300-400 trials or when the accuracy of the subjects' pointing no longer appeared to improve. At the end of the "Train with lens" session subjects were retested using their trained and untrained arms with the prism in place (Retest with prism). The prism was then removed and the subject was retested without the prism (Retest without prism). The test and training protocol is outlined in Table 1 .
Procedure: lens experiment
Owing to the extended time needed for both prism and refractive lens testing they were performed on different days. This also reduced residual aftereffects from previous testing. The refractive lens procedure followed a similar course to that for prism testing (Table 1) . Following the Pre-test condition, a +6.0 D disposable soft contact lens (Acuvue, etafilcon A Vistakon Inc., Jacksonville, Florida) was inserted on the subject's right eye to induce 6.0 D of refractive myopia in addition to the subject's refractive error (if any). The induced refractive error was corrected by a trial lens placed in front of the eye at an average vertex distance of 65 mm. The large vertex distance reduced the lens effectivity and required higher refractive corrections (Mandell, 1988) ; for example, a 6.00 D myope needs -9.84 D to correct the induced myopia at a vertex distance of 65 mm. This technique was used to amplify the magnitude of the prismatic effects for the induced myopia.
In the case of the lens experiment an additional procedure was performed (Post-test with lens) to evaluate the effect of reintroducing the spectacle/contact lens combination after a few minutes of normal vision outside the apparatus.
Subjects
The experiment utilized five subjects: four righthanded and one ambidextrous (left hand dominant). All had normal single-clear binocular vision, based on a comprehensive eye examination. All had minimal refractive errors (+0.75 to -0.25 D).
RESULTS
The data were analyzed by plotting the perceived target positions, indicated by the subject's touch point, vs the actual target locations. Linear regression was performed on the data of each test condition, which comprised 20 random target locations. The y-intercept and slope of the linear regressions are convenient for analysis of the prism Refractive lenses, on the other hand, cause a linear increase in prismatic deviation as the eccentricity of the target increases. Images are displaced toward the straight-ahead for myopic corrections, thus are expected to cause the slope of the regression line to be reduced (Fogt, 1992; Fogt & Jones, 1996) . In reality, flat prisms exhibit unsymmetric magnification in the base-apex direction (Ogle, 1964b) which would introduce some nonlinearity. The function should flatten in the direction of the prism base and steepen toward the apex, however, this nonlinearity would not systematically alter the slope of the best-fit linear regression so that our analysis effectively ignored this prismatic distortion.
Prism experiment
The results of the linear regressions for the prism experiment are shown in Fig. 2 . Each subject's data were individually analyzed (Tuan, 1994) and revealed similar results, therefore these plots are the averaged regression lines. A strong adaptation--as indicated by a shift in the y-intercept before training (Pre-test with prism) and after training (Re-test with prism)--is apparent for the dominant (trained) arm in Fig. 2(a) . However, no such trend was apparent for the untrained arm, indicating a failure of intermanual transfer of adaptation [ Fig. 2(b) ].
The differences between the slopes and y-intercepts for each arm (Fig. 2) were tested for significance using the procedures outlined in the Appendix. Only the yintercepts of the "Pre-test with prism" and "Re-test with prism" conditions for the trained arm differed significantly (T-test, P < 0.05). The numerical results are presented in Table 2 .
A compelling demonstration of the efficacy of prism adaptation is a shift in perceived direction in the opposite direction to prismatic deviation upon removal of the adapting prism; i.e., a negative directional aftereffect. Directional aftereffects were evaluated by comparing the before training (Pre-test) and after-training without prism (Re-test without prism) performance. These data are presented in Fig. 3(a) for the trained arm and in Fig. 3(b) for the untrained arm. There is a strong negative aftereffect for the trained arm (T-test P < 0.05). Consistent with the lack of intermanual transfer of prism training, there was no significant aftereffect for the untrained arm.
Lens experiment
The results for testing with refractive lenses prior to training (Pre-test with lens) and after training (Re-test .,, .,o , ,0 ,,
.... with lens) are shown for the trained and untrained arms in Figs 4(a) and 4(b), respectively. These show the mean regression lines for all five subjects. The differences in slope of these regression lines were statistically significant for both the trained and untrained arms (F-test, P < 0.05). All subjects were able to achieve significant adaptation to the prismatic deviations of refractive lenses in these short (<30 min) experimental sessions. In order to evaluate the presence of a negative aftereffect following training, the "Re-test without lens" slopes were compared to the "Pre-test" slopes. No significant difference was present. Although a negative aftereffect is strong evidence for the presence of adaptation, the lack of an aftereffect does not disprove the existence of adaptation. For example, this test would be invalid if subjects could maintain multiple sets of adaptation and select between them as the situation demands. This possibility will be discussed below. However, to strengthen the evidence for adaptation average linear regressions of five subjects. Slope differences reflect adaptation to refractive lenses.
Ne-Test w/Prism
despite the absence of a negative directional aftereffect, the spectacle/contact lens combination was replaced following several minutes of normal vision and subjects were tested again. Table 3 . 
DISCUSSION
The present results extend the study of prismatic adaptation to the more complex situation for refractive lenses. There are fundamental differences between prismatic deviations produced by prisms and refractive lenses. Prisms shift the entire image by approximately the same amount toward the prism apex, whereas lenses cause a linearly increasing prismatic deviation away from the optical center. All subjects successfully adapted to prism and exhibited a negative directional aftereffect upon its removal. However, there was no intermanual transfer of adaptation. This pattern of results replicates previous investigators, whose subjects were not permitted head movement. It has been proposed that prism adaptation under these conditions involves a change in proprioception of the trained arm (Cohen, 1966; Craske, 1966; Hamilton, 1964; Harris, 1965 ).
Prentice's Rule states that the prismatic deviation produced at some point in a lens is the product of lens refractive power and the distance from the optical center. The amount of prismatic effect from refractive lenses was calculated using a modification of Prentice's Rule that included consideration for the vertex distance and object distance (Fogt, 1992 : Fogt & Jones, 1996 . We found that when the lenses were initially worn the difference between the slope of the subject's pointing data and the slope predicted from Prentice's Rule was only 1.7% for the dominant arm and 12.4% for the non-dominant arm. Therefore, prior to adaptation subjects wearing spectacle lenses localized fixated targets in reasonable accordance with the actual direction of the line of fixation of their eye.
Robust adaptation to refractive lenses was observed after the relatively short training sessions. Contrary to the case for prism adaptation, lenses resulted in significant intermanual transfer but no negative directional aftereffect. It can not be argued that the lens adaptation rapidly dissipated following removal of the spectacle/ contact lens combination because adaptation was found when the subjects were re-tested following a short period of normal viewing. These differences between prism and lens adaptation for identical training conditions suggest that different loci of adaptation are involved.
Adaptation to lenses appears to involve a change in extraretinal eye movement information. Since the prismatic deviation produced by a refractive lens is a linear function of eye rotation, alteration of information derived from eye movement would provide an effective means of adaptation. It is proposed that adaptive compensation is based on perceptual recalibration of the extraretinal information that eye movement provides to egocentric direction. The scale factor for recalibration would simply be the reciprocal of the slope for the "Pre-test with lens" condition (Fig. 4) . This site of adaptation is consistent with the presence of intermanual transfer as it would nullify the effects of the refractive lens. It also appears to satisfy Rock's (Rock, 1975) criterion of requiring minimal modification of behavior.
Lens adaptation appears to establish an additional calibration-set rather than modification of the habitual calibration of extraretinal information. This is a reasonable interpretation of the absence of a negative directional aftereffect upon removing the spectacle/ contact lens combination and the restoration of adaptation upon its reintroduction. Klapp et al. (1974) and Lackner & Lobovitz (1977) , found that adaptation for even short exposures to displacing prisms can persist for over 24 hr when the subjects are returned to the same environment in which they were trained, even though normal behavior is unaffected. The possibility of subjects retaining multiple sets of prism adaptation has been previously proposed (Welch, 1993) . Moreover, to account for adaptation to refractive lenses, Fogt & Jones (1996) proposed that two situationally dependent calibrations of the visual-motor system may be held in memory simultaneously. Effective use of multiple calibrations would require that the subjects recognize and apply the appropriate calibration set for a particular situation. Obviously the subjects "knew" from tactile sensations when the spectacle/contact lens combination was worn. However, there is also visual information that could cue the situation. With spectacle lenses there is a mismatch between the amount the eye must rotate to fixate an eccentric object and the apparent angle that this object makes at the entrance pupil prior to the movement. The amount of this mismatch is related to the difference in the relative spectacle magnification and spectacle prismatic effect for an eccentric object (Ogle, 1964c) . This mismatch causes saccadic eye movements to overshoot (hyperopia) or undershoot (myopia) eccentric targets and provides a potential cue to the presence of spectacle lenses. Another possible cue is the variation in accommodative demand for near objects due to differences in optical effectivity with and without spectacles lenses (Mandell, 1988) . The identity of the appropriate trigger feature(s) for lens adaptation will require further investigation.
SUMMARY AND CONCLUSIONS
A short training period was sufficient to produce significant adaptation to the directional distortion caused by simple prisms and the varied prismatic effect of refractive lenses. However, significant differences between these modes of adaptation were observed for similar training procedures. Prism adaptation was characterized by the presence of a negative aftereffect and no inter-manual transfer, while lens adaptation exhibited inter-manual transfer but lacked a negative aftereffect. The results suggest that unlike prism adaptation, which probably involves only a change in the proprioceptive position of the trained arm, refractive lens adaptation involves a re-calibration of extraretinal eye movement information.
The results also suggest that adaptation to a refractive lens includes the capacity to retain multiple adaptation sets for periods of at least several minutes. Studies of adaptation to underwater size/distance distortions (Welch, 1986 ) and prismatic adaptation (Welch, 1993) have concluded that acquisition of multiple sets of adaptation take much longer and require repetitive exposures. Further study is required to determine if multiple sets of adaptation for refractive lenses are more easily acquired and if this adaptation is retained for sufficient periods to have functional utility. The results would indicate whether patients could switch between contact lenses and spectacle lenses with impunity to their localization ability.
